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Abstract 
 
The machining of tungsten heavy alloy is very difficult as it has high strength and hardness, which requires special cutting tools 
and cutting process. Though carbide tools are extensively used in conventional cutting, these lead take high machining time and 
tool failures which cause to decrease in productivity. To overcome the above, special techniques are being practiced in 
machining of tungsten alloys, one such technique is machining under cryogenic environment. In this paper, liquid nitrogen is 
used as coolant in machining of tungsten heavy alloys, because it is cost effective, safe, non flammable and environmental 
friendly gas, in addition to that it cannot contaminate the work piece and no separate mechanism required for disposal. An 
experimental investigation has been carried out on machining of tungsten heavy alloys by the solid carbide cutting tools under 
cryogenic and conventional coolants. The material removal rate, surface integrity and cutting forces were studied for both the 
coolants. The chip morphology also measured for evaluation of shear stress and shear strain.  The cryogenic coolant has 
enhanced the machinability of tungsten heavy alloys. It is observed that the material removal rate was three times higher in 
cryogenic cooling method when compared with conventional coolant method and the surface finish of the machined surfaces are 
extremely good and the magnitude of cutting forces are lesser in cryogenic coolant.  
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Gokaraju Rangaraju Institute of Engineering and Technology (GRIET). 
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1. Introduction 
Aerospace, Automobile and Defence applications demand the super hard materials, which can withstand high 
temperatures during service. The alloys of Nickel, Cobalt, Titanium, Tungsten belongs to the group of super hard 
materials among them Tungsten is more used in industries as it is cheap when compared to other alloys and is easy 
to manufacture. Tungsten is the most prominent metal which has high resistance to wear and high strength even at 
high temperatures, it is because of the density and high melting temperature of tungsten. Therefore it is most widely 
used in nozzles of rockets, space vehicles, protective shield for space vehicles and other high temperature 
application. Tungsten directly cannot be used for above purposes, but it can be made into an alloys [R.M.German 
(1994), R.E. Reed-Hill and R. Abbaschian (1991)]. The tungsten heavy alloy (WHA) are two phase composites 
comprising nearly rounded tungsten grains dispersed into a low alloy melting point ductile matrix containing Fe, Ni, 
Cu and Co. The tungsten heavy alloys are currently the key materials for kinetic energy penetrator applications due 
to their high density, strength and ductility. While the high density of tungsten heavy alloy helps in realization of 
higher depth of penetration, their excellent mechanical properties such as high strength, ductility and impact 
property ensure the survival of penetrator from the rigors of extremely demanding conditions experienced during 
their launch and terminal ballistics [S.Pappu et al (1999)].  
In any machining process, the heat is generated as a result of the plastic deformation of the layer being cut and 
overcoming the friction between tool and chip and tool and workpiece interface. The heat is dissipated by three ways 
in processing the material such as the cutting tools, the workpiece and the chip. The main region where the heat is 
generated during the orthogonal turning process are shown in Fig. 1. Ay and Yang have performed an experimental 
study on cast iron, AISI 1045 steel, copper and aluminum alloy with un coated carbide inserts as cutting tool, they 
have found that the maximum temperature was on the rack face of the tool [H. Ay, W.J. Yang (1998)]. Similarly, 
Majumdhar et.al have also found that maximum temperature generation was on the tool chip interface [P. Majumdar 
et al (2005)] 
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Fig. 1. Orthogonal Turning Process 
  
The machining process of super hard tungsten alloy is very difficult and costlier process as it requires tools made 
of carbide or diamond. Though carbide tools are extensively used in general machining, these take high cutting time 
which leads to decrease in productivity. The reason behind elapsed machining time was due to the tool wears off 
while machining because of high temperatures.  So, the most practical and effective way to enhance the machining 
performance in cutting hard materials is reduction of the cutting temperature. One way of reducing the cutting 
temperature is use of cutting fluids. Which extend tool life by reducing tool temperature and friction between the 
tool, the chip and the workpiece in the cutting process. However, conventional coolants contain different chemicals 
that may cause water pollution, soil contamination and health problems if disposed without required treatment. 
Another way of reducing the cutting temperature is use of cryogenic coolant. The concept of usage of cryogenics in 
manufacturing process was started in 1950’s where conventional cutting fluids are replaced with cryogenic coolants. 
But, the method was not adopted by the industry due to limited processing capability of cryogenic fluids. The 
technology has been expanded and processing of liquid nitrogen from atmosphere was matured. Therefore research 
is being carried out these days to increase the productivity of super hard alloys under cryogenic coolants. Hydrogen, 
Helium, Neon, Argon, Krypton, Xenon, Methane, Ethane and Propane belongs to cryogenic chemicals among them 
Nitrogen is more preferable in machining because it is cost effective, safe, non flammable and environmental 
friendly gas. The liquid form of nitrogen (-196°C at 1 bar) is pumped on the machining area, after absorbing the 
dissipated heat from the machining process it evaporates as nitrogen gas into the atmosphere and become part of the 
air (79% of the air is nitrogen). It leaves no harmful residue to the environment. The other advantage of liquid 
nitrogen (LN2) coolant instead of conventional coolants is that it cannot contaminate work piece, no separate 
mechanism for disposal. The chips produced are can be recycled easily as nitrogen evaporates rapidly in atmosphere 
[F.Pusavec (2012)]. The main disadvantage of this cryogenic technology is requirement of additional equipments 
and safety measures, relatively high price of LN2 as it is not reusable unlike conventional cutting fluids, which are 
circulated in the machine tools usually for days or weeks. K. Vadivel et.al. have carried analysis of performances of 
Cryogenic treated (CT) coated carbide inserts and untreated (UT) coated carbide inserts in turning of nodular cast 
iron. They found that CT coated carbide inserts exhibit better performance based on the surface roughness of the 
work specimen, power consumption, and flank wear than the UT ones [K.Vadivel and R Rudramoorthy (2009)]. 
Dinesh G. Thakur et al. have studied the relationship of degree of work hardening and tool life as a function of 
cutting parameters, untreated tungsten carbide and post cryogenic-treated tool on Inconel 718. A significant 
performance in tool life was observed due to cryogenic treatment given to tungsten carbide tool [Dinesh G Thakur 
et.al (2012)]. 
Very limited research work was published on machining of tungsten heavy alloys. The cutting tool exhibits 
forces on the workpiece during metal cutting and similar forces are experienced by the cutting tool too. The 
knowledge of the cutting forces is essential to the machinist as they directly related on heat generation, chip 
morphology, cutting tool wear, performance of machine tool, surface quality and accuracy of machined component 
etc. High cutting forces leads to failure of cutting tool and high power requirement of machine tool. These dynamic 
cutting forces are measured accurately by piezoelectric cutting force dynamometer [Instruction Manual, Kistler 
Instruments AG, 2003]. Another important parameter is surface integrity. It is also linked with the above factors 
described in cutting forces. The surface integrity in machining describes the quality of surface generated after 
machining such as roughness and waviness etc. This surface finish can be measured accurately by diamond stylus 
based roughness instruments [Poon, C.Y. and Bhutan B (1995)].  The machinibaility study of tungsten heavy alloys 
has been carried out under cryogenic coolant as well as conventional water based coolant. The material removal rate 
(MRR), surface roughness and cutting forces were studied in machining of three different WHA under both the 
environments here in these experiments.  
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2. Experimental Set Up 
 
2.1 Material 
 
Tungsten has a high melting temperature and density.  The pure tungsten is brittle and difficult to process. So, 
often tungsten heavy alloys are prepared by powder metallurgy route in DMRL to improve the mechanical 
properties and machinability. Where, commercially available elemental tungsten, nickel, iron and cobalt powders 
were used as starting material for synthesizing liquid phase sintered WHAs. The powders were mixed in a ball mill 
and cold iso-statically pressed into cylindrical rods of 45mm diameter and 300 mm length. Pre-sintering of the rods 
was carried out at 900 °C for 2 h and sintering was conducted at 1460 °C for 2 h in hydrogen atmosphere [U. Ravi 
Kiran et. al. (2011)].  Three different tungsten heavy alloys such as 95%, 93% & 90% by weight have been prepared 
with tungsten particle size of 11 microns as base and nickel elements of size 6 micron, iron elements size of 5 
micron and cobalt particles of 4 micron compositions. The mechanical properties of the WHAs are shown in Table 
2. 
 
Table1. Physical Properties of Tungsten 
Density  19.3 g/cm3 
Melting Temperature 3387 °C 
Specific Heat  134 J/Kg K 
Coefficient of Thermal Expansion  4.6 x 10-6    /K 
Thermal Conductivity  173 W/m K 
Electric conductivity  18.2 m/ohm mm2 
Tensile Strength  1360 MPa 
Percentage of elongation 2 
 
Table 2. Mechanical Properties of WHA 
Sample Chemical Composition 
wt.% 
Tensile Strength (MPa) % Elongation Impact Strength 
(J) 
Bulk Hardness 
(VHN) 
Alloy 1 90W-7Ni-2Fe-1Co 1400  10 65  528  
Alloy 2 93W-4.9Ni-1.4Fe-0.7Co 1435  7 45  532 
Alloy 3 95W-3.5Ni-1Fe0.5-Co 1420  4 14  538 
 
It was observed that Impact strength and percentage elongation of the material were decreasing with increase in 
tungsten composition. It indicates the alloying elements giving desirable higher toughness and ductility to the 
composition.  
 
2.2 Cutting Tool 
 
Sandvik Coromant make right hand external profiling cutting tools of uncoated solid carbide brazed tipped tool 
of C20 tip, K20 graded (ISO 6 R 2525), 25mm square cross section tool holder were used. The geometry of the 
cutting tool is listed in Table 3.  
 
Table 3 : Tool Geometry 
Side Rack Angle  12° 
Back Rack Angle 0° 
Side Cutting Edge  0° 
End Cutting Edge 15° 
Side Clearance Angle  18° 
End Clearance Angle  7° 
Nose Radius 1.2 mm 
Tip Dimension  20 x 12 x 7 mm 
 
2.3 Sample Preparation   
 
The sintered and swaged tungsten alloy samples have non uniform cross section due to the process conditions, 
these samples were rough turned under low spindle speed and feed to get uniform circular cross section and size. 
Later cylindrical grinding operation was performed to remove the surface irregularities generated on the sample 
during roughing operations and to achieve true cylindrical reference surface of 36 mm diameter and 120 mm length 
for the experiments.  
 
2.4 Dynamometry 
 
A Piezoelectric based precision multi component cutting force dynamometer of Kistler, Singapore Model 9265B 
has been installed on conventional lathe machine of HMT make, model NH 26 and the cutting tool was fitted into 
the tool post of dynamometer. The parallelism and perpendicularity of cutting tool movement with respect to the 
machine bed and height of the tool tip against spindle axis were ensured to be within 10 microns. The multi channel 
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charge amplified, model 5080A was installed between dynamometer and data acquisition system, 5697A. The total 
unit was connected to a personal computer and OEM supplied Dynoware software was used to record and anslyse 
the measured cutting force data.  
 
2.5 Conventional Water based Soluble Coolant 
 
The water soluble emulsion oil, Servosynth cut 18 of Indian Oil Corporation Limited was mixed into the water in 
the ratio of 1:20 and which was used as coolant for experiments. The characteristics of the servosynth cut oil and 
water are tabulated in Table 3 and Table 4 respectively. 
 
 
 
Table 4. Characteristics of Servosynth Cut Oil 
Density @ 23° C 0.986 g/ml 
Kinetic Viscosity @ 40° C 190 Cst 
PH of 2.5% emulsion  9.0 
 
 
 
 
 
2.6 Machining Parameter : 
 
The machining parameters for experimentation under emulsion abased water soluble conventional coolant and 
cryogenic fluid were identified from the experience during rough turning of samples as the readymade published 
data for machining of tungsten heavy alloys was not available. The parameters are shown in Table 6.  
 
Table 6. Cutting Parameter 
 Parameter Value 
 Cutting Speed   105 m/min  
 Feed   0.05 mm/rev 
 Depth of Cut  0.3 mm 
 
3.7 Experimentation under Conventional Coolant 
 
The experiments were conducted under water soluble coolant under the flow rate of 6 liter/minutes. The cutting 
time was recorded for machining of 50 mm length by a precision stop watch. The weights of the machined samples 
before and after were measured by a precision digital weight balance of least count 1 mg and the material removal 
rate of grams per second was calculated. The Surface roughness of the samples were measured by Taylor Habson, 
UK make Form Taly surf Intra II instrument with 2 microns diamond tip, 0.8 cutoff value and sample length was 10 
mm along the longitudinal direction of the sample. The recorded MRR, cutting forces data and surface roughness 
values are reported in Table 7. The resultant cutting force was calculated for three cutting force and it is found that 
the alloy 3 has observed high cutting force during machining as the alloy has high level of tungsten composition 
(95%). The alloy 2 (93%) has lower cutting forces, high MRR and good surface finish among other alloys.  
 
Table 7. Observations of Cutting Forces 
Sample MRR  
(gm/s) 
Cutting Forces (N)  Surface Roughness 
(μ Ra)  
  FX FY FZ R  
Alloy 1 43.27 63.67 54.88 33.41 90.45 1.491 
Alloy 2 45.18 50.23 52.96 33.45 80.29 1.124 
Alloy 3  40.55 41.5 61.72 53.21 91.45 1.366 
 
3.8 Data Analysis : 
It is observed that discontinuous tiny chips were formed while machining. The chips were inspected by Optical 
Profile Projector of M/S BATY International, UK make model SM20 under 10 X magnification to determine chip 
thickness and width dimensions. The shear angle, shear stress, shear strain and frictional coefficient were calculated 
by the Merchant diagram from the chip dimensions and cutting force values are shown in Table 8. 
 
 
Table 5. Characteristics of Water 
Specific Heat  4.2 KJ /kg K 
Boiling point  100 ° C 
Thermal Conductivity  0.58 W/m K 
Coefficient of heat transfer  100 W/m2K 
300   Srinivasa Rao Nandam et al. /  Procedia Materials Science  6 ( 2014 )  296 – 303 
 
Table 8. Result of Shear Stress and Frictional Coefficient  
Samples Chip Dimensions (mm) 
Shear Stress 
(MPa) 
Shear Angle (Ø) Shear Strain (ɛ) Friction 
Coefficient 
(μ) 
 Thickness Width     
Alloy 1 0.0950 0.3206 1041.6  29.44 6.47 E-6 0.61 
Alloy 2 0.1295 0.4221 848.8 22.04 2.16 E-6  0.63 
Alloy 3  0.0735 0.3886 651.4  36.7 4.04 E-6 0.86 
 
3. Experimentation under Cryogenic Coolant 
 
The cryogenic cooling approaches in material machining can be classified into four groups according to 
application of the cryogenic coolant. Cryogenic pre cooling of the workpiece or cutting tool, cryogenic chip cooling, 
indirect cryogenic cooling or cryogenic tool back cooling or conductive remote cooling and cryogenic jet or flood 
cooling by injecting the cryogenic fluid into the cutting zone. The researchers found that the cryogenic jet cooling 
was highly effective and can reduce the cutting temperature about 10-35% depending on work material, cutting tool 
and process conditions [N.R. Dhar et al (2002), N.R. Dhar et al (2002)]. Silva et al found that the cryogenic effect 
was not effective in HSS cutting tools when compared with carbide tools [F.J. Silva et al (2006)]. Hong et. al also 
presented that the liquid nitrogen lubricated contact between the carbide tool and steel disk and produced lower 
friction coefficient than dry sliding contact and emulsion lubricated contact disk materials [S.Y. Hong (2002)]. Dhar 
et. al reported that the possibility of substantial reduction in cutting force was by favorable chip formation under 
liquid nitrogen. Therefore low cutting forces and good surface finish was observed in the samples [N.R. Dhar et al 
(2002)]. The carbide grades generally retained their toughness, high transverse rupture and impact strength as the 
temperature decreased towards liquid nitrogen temperature. The physical properties of liquid nitrogen are tabulated 
in Table 9.  
 
Table 9. Properties of Liquid Nitrogen 
Density  1.25 g/cm3 
Melting Temperature  - 210 °C 
Boiling Temperature - 196 °C 
Specific Heat  1.04 KJ/Kg K 
Thermal Conductivity  25.9 W/m K 
Coefficient of heat transfer  32 W/m2K 
 
The liquid nitrogen was collected in double walled polymer based insulated container of 25 liters capacity from 
the LN2 installed facility at DMRL. The pressure pump of 2 lit/min capacity was fitted to the container. The nozzle 
of 3 mm diameter tip was connected to the half inch size plastic pipe and the other end of this pipe was fitted to the 
pressure pump as shown in fig. 2a, 2b and 2c. It was found that the nozzle has exit velocity of 4.7 m/sec under full 
valve open condition. It is ensured that nozzle is positioned on the rack face of the cutting tool and cryogenic liquid 
is falling on the tool tip. The machining trials were conducted on three samples with the above cutting parameters 
and installed dynamometer. The liquid nitrogen was evaporated into atmosphere by collecting heat from the cutting 
tool immediately as the boiling point of nitrogen is lower than environment temperature at atmospheric pressured. 
Safety measures have been practiced while carrying experiments to avoid cool burns and injuries on the skin by 
liquid nitrogen. The time was recorded for machining of 50 mm length by a precision stop watch. The MRR, the 
cutting forces, surface roughness, chip dimensions and shear stress were calculated. The observed cutting forces, 
MRR and Surface Roughness were reported in Table 10. The alloy 1 (90%) has lower cutting forces and high MRR.  
 
 a 
 
b 
 
c 
 
Fig. 2. (a) Experimental Setup of Liquid N2, (b) Cooling of Rack face of the Tool, (c) Chips during Machining 
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Table 10. Observations under Liquid Nitrogen 
Sample MRR (g/s) Cutting Forces (N) Surface Roughness (μ Ra)  
  FX FY FZ R  
Alloy 1  128 29.54 43.7 27.59 59.53 1.251 
Alloy 2 120 36.25 53.59 29.3 71.02 1.071 
Alloy 3 108 34.18 41.63 28.01 60.71 1.091 
 
3.1 Data Analysis  
The shear stress and shear strain were calculated from the merchant diagram and the values are shown in Table 
11. It was observed that material has sheared at low shear stress values under cryogenic environment as compared 
with water based coolant. This is because the cutting tool has retained the sharp cutting edges throughout the 
machining.  It is also observed that the coefficient of friction in the cryogenic coolant method was lesser than 
conventional method.  
 
Table 11. Chip Dimension Result under Liquid Nitrogen  
Samples Chip Dimensions (mm) Shear Stress (MPa) Shear Angle (Ø) Shear Strain (ɛ) Friction Coefficient (μ) 
 Thickness Width     
Alloy 1  0.1236 0.3645 160.85 23.70 0.99 E-6  0.63 
Alloy 2 0.0715 0.3928 389.5 37.6 1.11 E-6 0.55 
Alloy 3 0.132 0.432 617.9 21.64 3.83 E-6 0.67 
 
3.2 Microstructure Analysis 
The specimens were prepared from machined surfaces of liquid nitrogen environment for microstructural 
evaluation by standard metallographic procedures. These are investigated by optical microscope under 500x 
magnification and the results are shown in Fig.3a, 3b and 3c. 
 
a 
 
b 
 
c 
 
 
Fig. 3. (a) Alloy 1, (b) Alloy 2 and (c) Alloy 3.  The dark region shown matrix and the bright region show tungsten rich particles. 
 
It is found that the machined samples do not have any significant changes in microstructure of the material. The 
variation of tungsten particles sizes in the alloys is due to coarsening effect during liquid phase sintering process.  
 
4. Results and Discussions 
Generally the dissipated heat into the cutting tool during machine process, soften the cutting tool thereafter 
deformation of cutting tip, formation of built up edge and failure of cutting edges and these failed cutting tool results 
for surface irregularities on machined surfaces. Here, the liquid nitrogen has played a key role in effective and 
efficient cooling of cutting tool during machining by protecting it from deformation, wear off and built up edge 
formation and reduction of friction. The values of MRR, surface roughness and cutting force were shown in 
graphical representation in Fig. 4a, 4b and 4c for both water based coolant and cryogenic coolant indicates that the 
MRR was high in cryogenic coolant method, it was due to better chip formability. The remarkable high surface 
finish in cryogenic environment is due to retention sharp cutting edge during machining and better chip formability. 
The lower cutting forces in cryogenic environment are due to reduction of friction between workpiece, cutting tool 
and chip interface and retention of sharp cutting edges. The low cutting forces leads to better performance of 
machine tool, power consumption and high tool life etc. Therefore the machinability of tungsten alloy under 
cryogenic coolants is found to be very good.  
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b 
 
 
 
 
c 
 
Fig. 4. (a) Material Removal Rate, (b) Surface 
Roughness, (c) Cutting Force 
 
5. Conclusion 
 
Experiments were conducted on three different tungsten heavy alloys under varying coolants such as cryogenic 
and conventional cooling conditions, the notable results are as follows  
 
x The material removal rate was increased more than 3 times under cryogenic coolant when compared with 
conventional coolant.  
x The surface roughness (roughness average) of machined sample under cryogenic environment was around 
20% lesser when compared with conventional coolant as with 1.5 micron Ra.  
x The cutting forces observed were very low and around 30% lesser in liquid nitrogen when compared with 
conventional coolant.  
 
It can be concluded from the above observations that the liquid nitrogen is an advantageous and alternative 
coolant for machining of hard materials to improve the productivity and part quality. The usage of liquid nitrogen 
also reduces the environmental harms and health hazardous causes by hydro carbons from petroleum based mineral 
oils.   
 
6. Future Scope 
 
This research work can be further extended to evaluation of cutting temperature and heat calculation of tungsten 
heavy alloys under machining of cryogenic cooling environment and optimization of cutting process parameters for 
better results.  
 
7. Acknowledge 
 
The authors are sincerely grateful to Dr. Amol A Gokhale, Director, DMRL for encouragement and kind 
permission to publish this work. Authors are grateful to officers and staff of PMG and EMG for their kind support in 
providing the raw materials and liquid nitrogen for this experimentation. Authors are thankful to Officers and staff 
of MEG for their kind help in carrying out experiments. Authors are gratefully acknowledge the financial support 
provided by DRDO.  
 
 
 
 
0
20
40
60
80
100
120
140
Alloy 1 Alloy 2 Alloy 3
Water Based
Liquid Nitrogen
MRR (g/m) 
0
0.5
1
1.5
2
Alloy 1 Alloy 2 Alloy 3
Surface Roughness-Ra(μ) 
0
20
40
60
80
Alloy 1 Alloy 2 Alloy 3
Cutting Force (N) 
303 Srinivasa Rao Nandam et al. /  Procedia Materials Science  6 ( 2014 )  296 – 303 
References 
 
A.Y.L.Yong et.al., Performance of Cryogenically Treated Tungsten Carbide Tools in Milling Operations, Int. J. Adv. Manuf. Technology, 2007, 
32, pp638-643. 
Dinesh G Thakur et.al, Effect of Cutting Parameters on the Degree of Work Hardening and Tool Life during High Speed Machining of Inconel 
718, 2012, Vol.59, Issue 58, pp 483-489. 
F.J. Silva, S.D. Franco, A.R. Machado, E.O. Ezugwu, A.M. Souza, Performance of cryogenically treated HSS tools, Wear 261 (2006). 674–685. 
F.Pusavec, Porous Tungsten Machining under Cryogenic Conditions, Int. J. of Refractory Metals and Hard Materials 35 (2012) ,pp 84-89. 
H. Ay, W.J. Yang, Heat transfer and life of metal cutting tools in turning, International Journal of Heat Mass Transfer 41 (3) (1998), 613–623. 
Instruction Manual, Form Taly Surf Intra, Taylor Hobson, UK, 2012. 
J.L .Johnson, “Densification, Micro structural Evaluation, and Thermal Properties of liquid phase sintered composites”, 1994, Ph.D.Thesis, The, 
the Pennsylvania State University, University Park. 
K.A. Venugopal, S. Paul and A.B. Chattopadhyay, “Growth of tool wear in turning of Ti-6Al-4V alloy under cryogenic cooling,” Wear, Vol. 262, 
pp. 1071-1078, 2007. 
K.Vadivel and R Rudramoorthy, Performance Analysis of Cryogenically Treated Coated Carbide Inserts, Int. J. Adv. Manuf. Technology, 2009, 
42, pp 222 – 232. 
K. V. B. S. Kalyan Kumar and S. K. Choudhury, “Investigation of tool wear and cutting force in cryogenic machining using Design of 
Experiments,” Journal of  Materials Processing technology, Vol. 203, pp. 95-101, 2008. 
M. Dhananchezian et.al., Experimental Investigation of Cryogenic Cooling by Liquid Nitrogen in the Orthogonal Machining Process, Int. J. of 
Recent Trends in Engineering, Vol.1, No.5, 2009. 
Migrant I. Ahmed, Ahmad F. Ismail, Y.A. Abakar and A.K.M. Nurul Amin, “Effectiveness of cryogenic machining” Journal of Materials 
Processing technology, Vol. 185, pp. 91-96, 2007. 
N.R. Dhar and M. Kamruzzaman, “Cutting temperature, tool wear, surface roughness and dimensional deviation in turning AISI-4037 steel under 
cryogenic condition,” International Journal of Machine Tools and Manufacture, Vol. 47, pp. 754-759, 2007.  
N.R. Dhar, K.S.V. Nanda, S. Paul, A.B. Chattopadhyay, The effects of cryogenic cooling on chips and cutting forces in turning AISI 1040 and 
AISI 4320 steels, Journal of Engineering Manufacture 216 (5), (2002) 713–724. 
N.R. Dhar, S. Paul, A.B. Chattopadhyay, Role of cryogenic cooling on cutting temperature in turning steel, Transactions of the ASME 124 (2002) 
146–154. 
N.R. Dhar, S. Paul and A.B. Chattopadhyay, “Machining of AISI 4140 steel under cryogenic cooling – tool wear, surface roughness and 
dimensional deviation,” Journal of Materials Processing technology, Vol. 123, pp. 483-489, 2002. 
N.R. Dhar, S. Paul, A.B. Chattopadhyay, The influence of cryogenic cooling on tool wear, dimensional accuracy and surface finish in turning 
AISI 1040 and E4340C steels, Wear 249 (2002) 932–942. 
Poon, C.Y. and Bhutan B., “Comparison of surface roughness measurements by stylus profiler, AFM, and non-contact optical profiler”, Wear, 
190, pp. 76-88 (1995). 
P. Majumdar, R. Jayaramachandran, S. Ganesan, Finite element analysis of temperature rise in metal cutting processes, Applied Thermal 
Engineering 25 (2005), 2152–2168. 
Quartz 3 Component Dynamometer, Instruction Manual, Kistler Instruments AG, 2003. 
R.E. Reed-Hill and R. Abbaschian, Physical metallurgy principle, 3rd edition, PWS-Kent Pub.co.,bostan MA,1991,p.230-233. 
R.M.German, Powder Metallurgy Science,2nd edition, Metal Powder Industries Federation,Princeton,N.J.,1994,P.224,250-253. 
Shane Y. Hong and Yucheng Ding, “Cooling approaches and cutting temperatures in cryogenic machining of Ti-6Al-4V,” International Journal 
of Machine Tools and Manufacture, Vol. 41, pp. 1417-1437, 2001. 
Shane Y. Hong, Yucheng Ding and Woo-cheol jeong, “Friction and cutting forces in cryogenic machining of Ti-6Al-4V,” International Journal 
of Machine Tools and Manufacture, Vol. 41, pp. 2271- 2285, 2001. 
Shivdev Singh, Dilbag Singh and Nirmal S Kalsi, Experimental Analysis of Cryogenic Treatment on Coated Tungsten Carbide Inserts in 
Turning, Int. J. Advanced Engineering Technology, IVol.III, Issue I, 2012, pp 290-294. 
S.Pappu, C.Kennedy, L.E. Murr, L.S.Magness, D.Kapoor, Microstructure analysis and comparison of tungsten alloy rod and [001] oriented 
columnar-grained tungsten rod ballistic penetrators, Mater.Sci.Eng.A 262,1999,115-128. 
S.Y. Hong, Y. Ding, J. Jeong, Experimental evaluation of friction coefficient and liquid nitrogen lubrication effect in cryogenic machining, 
Machining Science and Technology 6 (2) (2002), 235–250. 
U. Ravi Kiran et. al. , Effect of Composition and Thermo Mechanical Processing on Mechanical Properties of Tungsten Heavy Alloys, DMRL in 
house Technical Report, DRDO/DMRL/PMG/TR-011, 2011. 
Z.Y. Wang, K.P. Rajurkar, and M. Murugappan, “Cryogenic PCBN turning of ceramics (Si3N4),” Wear, Vol. 195, pp 1-6, 1996.  
